Silver tetrahedral nanoparticles (NP) were synthesized using the inert gas condensation technique. We performed morphological and optical characterization of the nanoparticles (NPs) using atomic force microscopy (AFM), mass spectroscopy (MS), and UV-visible spectroscopy. The Ag NPs were produced by modified magnetron sputtering, followed by thermalization and condensation in a high pressure zone. Along the synthesis process, the size of the NPs was controlled through the handling of the gas flow (Ar and He), the magnetron power, and the length of the aggregation zone. We optimized the synthesis parameters to obtain a peak on the size distribution of Ag NPs around of 5 nm (as measured with AFM and MS). The AFM measurements show that the particles have tetrahedral shape, with a fair correspondence with a 2925-atoms ideal tetrahedron. We performed a set of Molecular Dynamics (MD) calculations using the Embedded Atom potential model to simulate the dynamics of particles with different shapes, obtaining that, at sizes close to that of the particles produced experimentally, the tetrahedra may be as energetically stable as cuboctahedra of roughly the same size, and that their melting point is below but close to that of the bulk. We also found that both the size and shape of the nanoparticles determine the shift of the UV-visible absorption spectrum. Finally, we observed the formation of atomic islands above the faces of the Ag tetrahedral NPs, in agreement with the results obtained from the MD simulations.
Introduction
The past decade has witnessed a great increase in the use of computer simulations of nanostructures, mainly due to the availability of inexpensive commodity hardware, the development of efficient simulation codes, and the construction of reliable atomistic interaction models. The simulation results for structural and thermodynamical properties, and their comparison against the experiments, have a direct effect on the way that novel nanomaterials are produced and characterized. Thus, the development of new nanomaterials for applications in medicine, catalysis, electronics, optics and plasmonics, commonly involves molecular simulations to some degree. [1] [2] [3] [4] In this work we use the results of molecular dynamics simulations to compare the structural and energetic behavior of several geometries proposed as models for the Ag tetrahedral nanoparticles that were synthesized by physical processes, and to predict the thermodynamical conditions needed for the stability of these structures.
It is well established that silver nanoparticles have unique antibacterial and antiviral properties. 1, 5 Different methods can be used to synthesize Ag nanoparticles, but the predominant methods are those based on chemical reactions, mainly because no special equipment is needed, the reactants are usually inexpensive, and there is no limit on the production rate other than the amount of available material. In these methods, Ag salts are reduced with a reductor agent, and the kind of reductor strongly determines the geometry and shape of the resulting particles. 6, 7 Nevertheless, the chemical route involves many technical issues that broaden the distribution of sizes and shapes. In contrast, physical methods such as thermal abrasion and ionic erosion are frequently used when the dispersity in size and the variations in the geometry of the particles are critical factors. In particular, the inert gas aggregation (IGA) method allows the optimal control in the size of metal and metallic alloy nanoparticles. [8] [9] [10] [11] A mass filter located along the path of the nanoparticles allows to monitor in situ the size variations as the control variables of the IGA reactor are modified. In this way is possible to find the optimal conditions to produce nanoparticles of specific mean sizes and small deviations.
A fine control of size and composition, along with the use of high resolution electron micrographs under controlled thermal conditions, make possible the direct comparison of the structural details of the particles with those predicted by molecular dynamics (MD) simulations. Thus, former MD studies on Au and Au/Pd nanoparticles confirm the appearance of a hysteresis loop in the melting-freezing cycle, [12] [13] [14] and that the melting temperature of the Au nanoparticles strongly depends on the size of the cluster. 15 Recently, Chen et al. 16 investigated the melting transition of Ag/Au small particles (n ) 55), and constructed a transition phase diagram that may be contrasted with experiments using particles of the same size.
Baletto, et al. 17, 18 have devoted several papers to investigate the lowest energy structures of silver nanoparticles, and how the shape of the particle depends on its size. Using numerical simulations, they found that Marks decahedra and fcc truncated octahedra are the most stable structures when the size of the particle is around 3000 atoms. Nevertheless, since more than half of the surface in cuboctahedra consists on (100) faces, cuboctahedra are not the most energetically stable structures. Truncated octahedra (Wulff shapes) should be more favorable. On the same order of ideas, there exist some results by Grochola et al. 19 using a slightly different approach to that of Baletto, that suggest that the formation of tetrahedral structures is similar of that of Dh structures (for Au nanoparticles).
In this work we show the results of the controlled synthesis of Ag NPs, produced by dc-sputtering and selected by size. We used AFM to characterize the shape and crystal structure of the nanoparticles, and compared these measurements with theoretical calculations using Molecular Dynamics (MD) simulations using the embedded atom model (EAM) interatomic potential. These calculations were made for different geometries (icosahedron, cuboctahedron, sphere, perfect tetrahedron, tetrahedron with its upper apex displaced to one of the vertices of the base, and tetrahedron with its upper apex displaced to one of the lateral face).
Experimental Methods and Theoretical Calculations
We produced Ag nanoparticles by the Inert gas aggregation technique (8, 9, 10, 11) , using a synthesis reactor built by Mantis Deposition Ltd.; 20 Figure 1 shows a schematic diagram of experimental setup. In this method, a supersaturated vapor of metal atoms is generated by sputtering; the process of production of nanoparticles takes place in the active chamber, by a combination of three mechanisms: aggregation or attachment of atoms around to clusters (dimmer, trimers, etc.); coagulation of nanoparticles, and coalescence process (this last process takes predominance at high temperatures). 21 In any synthesis experiment the competition of these three mechanisms exists, but by an adequate choice of parameters is possible to make the first mechanism (aggregation or attachment) to predominate above the others. The generation rate of metallic nanoparticles is controlled through the variation of (i) Ar gas flow and He, (ii) partial pressure (1-2 × 10 -1 torr), (iii) magnetron power (in the range of 30-70 W), and (iV) length of the aggregation zone (from 80 to 130 mm). The nucleation rate of the nanoparticles is varied controlling the Ar gas flow (at fixed partial pressure); the Ar gas produces the erosion of the metal target such that as more argon is present into the chamber, the amount of erosion is larger. Thus, if the flow of argon is kept low, is possible to obtain nanoparticles as small as a few Angstrom in size. The role of the He gas is somewhat different: when the helium flow is increased, the number of collisions is high, reducing the mean free path of the nanoparticles, which diminish their mean size. The power of the magnetron controls the kinetic energy, which determines the amount of erosion on the metal target, whereas the aggregation zone length sets the residence time of the nanoparticles on the aggregation zone. By the manipulation of these parameters is possible to find the optimal conditions to produce particles of a specific mean size. In the case concerning this paper, the parameters were set to produce Ag nanoparticles of 5nm, deposed on quartz substrates. To keep a low density of nanoparticles, the depositions were made in just a few minutes. In order to preserve the structural and morphological properties, the energy of cluster impact 22, 23 was controlled; the energy of acceleration was close to 0.1 eV/atom, which corresponds to a soft landing regime. 22, 24 The morphological characterization of the particles was made by AFM analysis, using a Veeco CPII AFM system in contact mode. The size analysis was made by mass spectroscopy using a RF quadrupole. 25 To get insight on the nature of the formation of tetrahedral clusters, we carried out a set of molecular dynamics (MD) simulations, where the energetic and structural behavior for a set of clusters ( Figure 2 ) was analyzed as function of the temperature under both heating and cooling. Based on the experimental results, we focused on the simulation of tetrahedral structures, particularly on a tetrahedron with an apex displaced to one vertex. We used the Embedded Atom Model (EAM) to define the atomic interactions, as implemented in the XMD code, 26 and employing the parametrization following the theoretical framework of Johnson. 27 The equations of motion were solved every time step of ∆t ) 2 fs. All the clusters were initially thermalized at 300 K for 1 ns, and heated above their melting temperature at a rate of 10 11 K/s. For the cooling series, the starting configurations were taken from the results of the heating series at 1000, 800, and 600 K. Starting from these temperatures, the tetrahedral clusters were cooled down to 300 K, at the same rate as they were heated. 
Results and Discussion
Experimental Measurements. We used different techniques to characterize the structural and optical properties of the Ag particles. By AFM imaging we found that the particles are tetrahedral in shape, with a mean height of 5 nm, see Figure 3 . Whereas AFM measurements of distance in the z-axis are directly related to the real height of the structures, it is wellknown that distances laying on the xy-plane must not be interpreted as the real spatial dimensions since at this range of sizes, the width of the AFM tip is comparable to the diameter of the nanoparticles, and for this reason any measured distance may be increased as much as an order of magnitude. Taking this into consideration, it is not surprising that the measured vertex-to-vertex distance is 150 nm. Figure 3b shows a 3D projection of the particles, where it can be clearly noted that the shape corresponds to a tetrahedron with an apex displaced to one of its vertices. Figure 4 shows the UV-visible absorption spectrum of the Ag tetrahedral nanoparticles supported in the quartz substrate. Here, only one band of plasmon resonance absorption is observed, centered at 437 nm. This peak is characteristic of Ag nanoparticles, 28 and the shift-both in shape and size-with respect to the Ag in bulk, is a fingerprint of the particles being supported by a substrate, since the interaction between the substrate and the nanoparticles changes the optical response of the latter. 29 The synthesis parameters that determine the mean size of the particles were optimized to produce particles of 5 nm. The mass spectrum of Figure 5 shows that the distribution of sizes is indeed centered around 5 nm. In general, we do not expect that particles of the same size produced under different sets of parameters to have the same shape or crystalline structure, since the kinetic processes during the growth of the particles are qualitatively different.
MD Simulations. The MD simulations were performed using six different initial structures, for purposes of comparison. Figure  2 shows these structures: (a) an icosahedron (2869 atoms), (b) a cuboctahedron (2869 atoms), c) a spherical cluster of 2899 atoms obtained from and fcc lattice, (d) a perfect tetrahedron of 2925 atoms (which we identify as Tetrahedron I), (e) a tetrahedron with its upper apex displaced to one of the vertices of the base (Tetrahedron II, 2856 atoms), and (f) a tetrahedron with its upper apex displaced to one of the lateral face (Tetrahedron III, 2925 atoms). To investigate the structural behavior of the clusters during the heating and cooling processes, we calculated the global order parameter Q 6 , 24, 31, 32 which is defined as
where
Y 6m (r ij ) are the 6m spherical harmonics, r ij is the distance between atoms i and j, N is the total number of atoms of the cluster, and N nb (i) is the numbers of neighbor atoms surrounded the atom i. Thus, the Q 6 parameter can be thought as an average related to the kind of dominant structure on the cluster as result of the orientational correlation of each atom with their atomic neighborhood. Table 1 shows the range of values of Q 6 corresponding to several structures, as first reported in ref 32 . The curves of the potential energy per atom vs temperature (caloric curves) for the several simulated Ag clusters are shown on Figure 6 . Here, it can be noted that the icosahedral cluster was the one more energetically stable structure when T is kept around 100 K below their melting temperature. At this temperature range, the tetrahedral clusters show higher energy values than those with icosahedral, cuboctahedral or spherical shapes. Additionally, the curves corresponding to tetrahedral clusters show a multiple step behavior (marked with colored arrows in the extensive figures in the Supporting Information available), where the energy turns deviates from a linearly increasing behavior. In agreement with the calorimetric curves for tetrahedral clusters, the Q 6 curves (Figure 7) show structural changes at the temperatures at which the energetic steps occur. Furthermore, the Q 6 curves show a major detail of certain changes that the calorimetric curves do not resolve clearly. Eventually, the structural changes during the heating process lead the decahedral clusters to improve their configurational energy and thus to reach higher melting points than the icosahedral and spherical clusters (see Table 2 ).
To discuss the dynamic stability of the atoms on the clusters, we considered the normalized relative displacement (NRD),
2 ⁄r max , where r j i (T) is the position vector of the i-th atom measured at a temperature T, r j i (T 0 ) is the position vector of the i-th atom measured at a temperature T ) 300 K (this is, at time t ) 0). r max is the global maximum relative displacement magnitude, taken from the maximum relative displacement value obtained in the simulations (it occurred in the icosahedral cluster). Defined in this way, the d i (T) values can be used as a measure of how stable is the structure of a specific region of the particle. We calculated the values of d i (T) every ∆T ) 1 K. The comparison of the NRD values, made in Figure 8 for two values of temperature, shows that these structural changes indeed increase the stability of the atoms around their equilibrium sites. In the figure, we show snapshots of the icosahedron and Tetrahedron I clusters, where the atoms are represented by colored spheres, in a color scale related to their NRD values. It can be observed that at 700 K the majority of atoms in the icosahedral cluster have low NRD values, except for atoms close to the vertices, which have a low coordination number. In contrast, at this temperature the Tetrahedron I shows appreciable structural changes, with the atoms on the vertex have migrating to the center of the faces forming atomic islands (small aggregates of 1.3 nm in size). In Table 2 we indicate the temperature at which the atomic island appear for the simulated structures. We propose that the formation of atomic islands are favored by the surface reconstruction. 33 The tetrahedral clusters observed in the experiments present islands of atoms at their faces, in agreement with the molecular dynamics results. This feature has a reasonable explanation from energetic arguments, since the atomic migration to form islands increases the coordination number of the atoms, which improves the structural stability of the particle. The atomic migration, observed in the simulations at a temperature close to 700 K, promotes the formation of the islands on the (111) planes in the surface of the tetrahedra, whereas the less coordinated atoms are restrained in a small region. Only a few atoms at the surface (those originally located at the corners and vertices) of the tetrahedra have high NRD values, in contrast with the icosahedral cluster, see Figure 8 c and d. Eventually, the islands evolve to form a new layer, and atoms with high NRD values are confined to the vertices and borders.
We performed a set of cooling simulations starting at three different temperatures: (a) 1000, (b) 800, and (c) 600 K, using as initial configurations those obtained by the heating series. In general, we did not find significant changes in the final structures of the tetrahedra when the cooling process was simulated, but an anomalous behavior of the Q 6 parameter was observed for the tetrahedron II, see Figure 9 . By inspecting the simulation trajectory we found that this anomaly is mainly due to the reorganization of the atoms on the vertex, with low coordination values. The values of Q 6 obtained at the end of the cooling series correspond to a structure closed to a fcc for the Tetrahedron I, and to a Dh structure for the Tetrahedron II and III. The caloric curves corresponding to the cooling series are shown in Figure 10 , where it can be noted that, whereas the Tetrahedron I cluster appears to be the most energetically favorable when the simulation begins at 600 or 800 K, when the run is started at 1000 K the Tetrahedron II is the structure with the lowest final energy. These results not only reinforce the accepted fact that the trajectory taken by the system in a MD simulation performed under a temperature gradient may determine the final structure, but they also show that these two modified tetrahedra are suitable candidates to describe the particles observed in the experiments.
Conclusions
We synthesized Ag tetrahedral nanoparticles by the use of Inert Gas Aggregation techniques, obtaining modified tetrahedral structures with an apex displaced to one vertex. AFM images validate the size, shape of Ag tetrahedral nanoparticles. We observed the formation of atomic islands on the faces of the Ag tetrahedral nanoparticles, in agreement with simulation results obtained using MD. These results show that the proposed tetrahedral models are unstable, but the relocation of the less coordinated atoms, originally located at the vertices and corners of the particle, to form atomic islands on the faces of the tetrahedra, make the structures energetically stable at low temperatures. The presence of these islands is in agreement with the AFM results. We suggest that the surface roughness originated by the formation of these islands may have a high relevance in the catalytic activity of the tetrahedral nanoparticles, and further work will be devoted to investigate this relation.
